Introduction
Thiosemicarbazones and its derivatives have attracted scholarly attention because of their structure and prominent role in cancer chemotherapy.
1,2
For example, 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (triapine) is a potential inhibitor of ribonucleotide reductase, which exhibits promising anticancer activity in several clinical trials on patients with hematological diseases. Similarly, di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mt) and di-2-pyridylketone-4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) are examined as drug candidates and entered into the phase I clinical trials.
3 In addition, the di-2-pyridylketone thiosemicarbazones (DpT) have showed signicant in vitro and in vivo antitumor activity against various cancer cell lines. 1 On the other hand, Cu II -diacetyl-bis(N 4 -methylthiosemicarbazone) radiolabeled with copper radioactive isotopes is entered in human clinical trials as an imaging agent of hypoxia in head and neck cancer. 4 The bis(thiosemicarbazonato)copper(II) complexes have also been investigated as an effective therapeutic agent for the treatment of neurodegenerative disorders, 5 and further, such complexes robustly inhibit the oxidative phosphorylation and DNA synthesis. 6, 7 In vitro and in vivo studies of glyoxal-bis[N(4)-methylthiosemicarbazonato]copper(II) complexes have demonstrated the strong inhibition of the growth of brain tumor and prostate cancer cells, 8 delivers Cu into neurons, activating PI3K and inhibiting GSK3, resulting in the reduction of neurotoxic Ab trimers and s-phosphorylation and improving cognition in APP/PS1 mice. 5 In addition, the signicant therapeutic potential of thiosemicarbazone-based copper complexes for Parkinson's and Alzheimer's diseases in animal models are also reported. 5, 9 The thiosemicarbazonebased copper(II) complexes signicantly inhibit topoisomerase-IIa when compared to the free thiosemicarbazones. Such complexes were also inhibit the proliferation of breast cancer cells (MCF-7). 10 Further, the thiosemicarbazone-based copper(II) complexes containing anthracene moiety strongly interact with DNA/BSA and exhibit remarkable anticancer activity against HeLa cancer cell line.
11 It was recently reported that the iminodiacetate thiosemicarbazones-based copper(II) complexes functions as ribonucleotide reductase R2 inhibitors.
12
As a whole, the thiosemicarbazones and bis(thiosemicarbazones)-based copper(II) complexes are broadly interrogated. However, the reports of bis(thiosemicarbazones)-based copper(I) complexes are very limited. 13, 14 Notably, three coordinate copper(I) complexes have been investigated for DNA interaction, antibacterial and anticancer activity on human colon and breast cancer cells. [15] [16] [17] [18] The copper(I) chelator MT-3 (metallothionein-3) was signicantly protecting cells from Cu-Ab toxicity compared to copper(II) chelator HSA (Human Serum Albumin). For this reason, +I state of Cu is as much biologically relevant as the +II state. 19 Many Cu(I) complexes are found to strongly inhibit the ribo nucleoside diphosphate reductase. 20 The redox cycling applications between Cu 2+ and Cu + can begin the production of highly reactive hydroxyl radicals, which can subsequently damage biomolecular species such as lipids, proteins and DNA. 21 The N,N 0 -disubstituted thioureas-based copper(I) complexes showed moderate cytotoxicity against A498, EVSA-T, H226, IGROV, M19, MCF-7 and WIDR cell lines.
22
The Cu(I) ions are famous for their high cytotoxicity as an impact of oxidative damage (particularly against eukaryotic and prokaryotic cells), while as Cu(I) helicates might be accurately directed to molecular targets into the shilpit cells. 23 Numerous organisms encode a small cytoplasmic high affinity Cu(I) fastening protein, termed a copper chaperone that assumes a role in constraining the collateral damage of copper toxicity. 24 Recently, the copper(I) phosphine complexes were reported, which shows signicant cytotoxic and anti-angiogenic property and induced a marked reduction of tumor mass in in vivo experiments without a signicant body weight loss with smaller adverse side effects than cisplatin. 25 To the best of our knowledge, DFT calculations, DNA/BSA interaction, in vitro and in vivo anti-proliferative, cell cycle arrest, generation of ROS, Western blot and molecular modeling studies of bis(thiosemicarbazones)-based copper(I) complexes and their derivatives are scare in literature. 17 Based on the above information, we are prompted to target selected cancer cells by both in vitro and in vivo, and study their mechanism of action. To achieve this, we have synthesized new thiosemicarbazone based-copper(I) complexes. In vitro cytotoxicity of the complexes was tested against four human breast adenocarcinoma (MCF-7), cervical (HeLa), epithelioma (Hep-2) and Ehrlich ascites carcinoma (EAC) cancerous and two normal (normal human dermal broblasts (NHDF) and L6 myotubes) cell lines. In vivo anticancer activity of the complexes was tested against EAC tumor model using female Swiss albino mice. We have also explored the DFT calculations to elucidate the details of the geometry optimization, electronic structures and frontier molecular orbitals (FMOs). The DNA and focal adhesion kinase (FAK) receptor docking studies were performed by using AutoDock 4.2 tools.
Experimental

Materials
Thiosemicarbazide, acetophenone, 4-chloroacetophenone, 4-hydroxyacetophenone, 4-methylacetophenone, 4-methoxyacetophenone and 4-nitroacetophenone used for ligand synthesis were purchased from Sigma-Aldrich (USA). Solvents of analytical grade were purchased from E. Merck, and used as received without further purication. Agarose (molecular biology grade) and ethidium bromide were procured from Sigma-Aldrich (USA). Calf-thymus DNA (CT-DNA) and supercoiled pBR322 DNA were purchased from Bangalore Genei (India).
Tris(hydroxymethyl)aminomethane-hydrochloride (Tris-HCl) buffer (pH, 7.3) was used for all DNA binding and cleavage studies.
The ligands 2-
were synthesized by following the procedure as described in the literature. 26 
Physical measurements
The elemental analysis (CHN) of the compounds was carried out with a Carlo Erba model-1106 elemental analyzer. IR spectra were recorded on a Perkin-Elmer FT IR 8300 model spectrophotometer using KBr disc technique in the range 4000-400 cm À1 . Electronic absorption spectra were recorded using Perkin-Elmer Lambda-35 spectrophotometer in the range 200-800 nm. 1 H NMR spectral data were collected on Varian-VNMRS-400 in CDCl 3 and DMSO(d 6 ) solution with tetramethylsilane (TMS) as an internal standard at ambient temperature. Fluorescence spectra were recorded on a Horiba Jobin Yvon FluoroLog SPEX-F311 spectrouorometer. Circular dichroic spectra were recorded in the spectral region 200-300 nm with a Jasco J-815 spectropolarimeter at 25 C using 0.1 cm path quartz cell. Electrospray ionization (ESI) mass spectra were recorded on Q-Tof mass spectrometer using acetonitrile as a carrier solvent.
General procedure for synthesis of bis(thiosemicarbazone) copper(I) complexes (1) (2) (3) (4) (5) (6) A methanolic solution (20 mL) of 4-substitutedthiosemicarbazone (L 1-6 , 1 mmol) was added slowly with constant stirring to a methanolic solution (20 mL) of CuCl 2 -$2H 2 O (0.09 g, 0.5 mmol), and the resulting solution was reuxed for 4 h. Aer cooling the reaction mixture to room temperature, the solid product obtained was collected by ltration, washed with diethyl ether, dried under vacuum, and recrystallized from methanol.
[Cu(L 1 ) 2 X-ray crystallography studies X-ray diffraction intensity data of the ligand L 4 was collected at room temperature (293 K) on a Bruker APEX 2 single crystal Xray diffractometer equipped with graphite monochromatic Mo Ka (l ¼ 0.71073Å) radiation and CCD detector. The crystal dimension of 0.25 Â 0.19 Â 0.04 mm 3 was mounted on a glass ber using cyanoacrylate adhesive. The unit cell parameters were determined from 36 frames measured (0.5 phi-scan) from three different crystallographic zones using the method of difference vectors. The intensity data were collected with an average four-fold redundancy per reection and optimum resolution (0.75Å). The intensity data collection, frames integration, Lorentz and polarization corrections and decay correction were carried out using SAINT-NT (version 7.06a) soware. 27 An empirical absorption correction (multi-scan) was performed using the SADABS program. 27 The crystal structure was solved by direct methods using SHELXS-97 (ref. 28 ) and SHELXS-2014, 29 and rened by full-matrix least-squares using SHELXL-2014, SHELXL-2016 (ref. 29) and Olex2.
30 Molecular geometry was calculated using PARST programme. 31 All nonhydrogen atoms were rened using anisotropic thermal parameters. The hydrogen atoms were included in the structure factor calculation at idealized positions using a riding model, but not rened. Images were created with the ORTEP-PLATON program. 32, 33 DNA/BSA binding, DNA cleavage and in silico studies DNA/BSA binding, DNA cleavage and in silico studies of DNA and focal adhesion kinase (FAK) receptor were carried out by following the procedure reported in our earlier publications.
34,35
In vitro and in vivo anti-proliferative studies Lipophilicity, MTT assay, apoptosis, cell cycle, cellular uptake, ROS generation, Western blot and in vivo anticancer analyses were carried out by following the procedure reported in our earlier publications. 36, 37 The study protocol of the in vivo experiments was approved by the Institutional Animal Ethical Committee (IAEC) (No. SVCP/016/2015-16 dated 18-02-2016) and all the animal experiments were carried out in accordance with the guidelines of the Committee for the Purpose of Control and Supervision of Experiments in Animals (CPCSEA), India. For the determination of LD 50 , OECD guideline AOT 423 was followed. ) and their copper(I) complexes (1-6). 
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Results and discussion
Structural description of ligand L 4
The ligand L 4 crystallizes in the triclinic P 1 space group with two molecules in the unit cell (a ¼ 6.885(3), b ¼ 7.108(3) and c ¼ (4) and Z ¼ 2). The crystal data and structure renement parameters are listed in Table S1 . † The three dimensional molecular structure of this ligand was determined by X-ray crystallography using SHELXS-97/SHELXS-2014 and rened by full-matrix leastsquares using SHELXL-2016/Olex2 to a nal R-values of 0.0382. The molecular structure of the ligand L 4 is shown in Fig. 2 , and the selected bond lengths and bond angles are listed in Table S2 . † In the crystal structure, the phenyl ring is fused with the thiosemicarbazone moiety. The phenyl ring and thiosemicarbazone moiety lie in a plane, which is evidenced by the torsion angle value C1-C7-N1-N2 ¼ À176.7 . The thiosemicarbazone moiety with an extended conformation can be seen from the torsion angle values C7-N1-N2-C9 ¼ À167.6
11.230(4)
and N1-N2-C9-S1 ¼ À174. showing the atom labelling scheme. The displacement ellipsoids are drawn at 50% probability level. Fig. 3 Optimized geometries of the copper(I) complexes 1 (a) and 2 (b).
Geometry optimization
The DFT calculation gives more suitable information about structural features, in the absence of crystal data, in addition to the energy minimized conformation, such as coordination behaviour in metal complexes and HOMO-LUMO energy gap. 35 Hereby, all the synthesized copper(I) complexes (1-6) were optimized at B3LYP/GEN and B3LYP/LANL2DZ levels in gas phase and the optimized ground state geometry structures are shown in Fig. 3 . The calculated bond lengths and bond angles of the complexes are given in Table S4 † along with the reported experimental values. 15, 16 The calculated values of bond length/ angles obtained by using B3LYP/LANL2DZ level are more appropriate than the B3LYP/GEN level. Therefore, DFT/B3LYP/ LANL2DZ level was preferred to B3LYP/GEN level for determining the molecular structure. The three coordinated Cu(I) complexes (1-6), coordinate through two sulphur and one 15 It has been noticed that many bond lengths and bond angles obtained from the optimized structures were tted with the experimentally observed data with a slight differences. The differences in calculated and experimental bond length values of Cu-S1, Cu-S2 and Cu-Cl are found in the range 0.001-0.008. The difference in calculated and experimental bond angles of (S2)-Cu1-(S1), (S2)-Cu1-(Cl1) and (S1)-Cu1-(Cl1) are found in the range 0.17-2.34. The negligible differences were observed between the calculated and experimental bond length and bond angles values. The B3LYP method in combination with the LANL2DZ basis gives an excellent estimation of Cu-S and Cu-Cl bond distances (Cu-S1, Cu-S2 and Cu-Cl).
Biological signicance
Stability. Generally, the stability is an important test for approval of any pharmaceutical product. In this regard, the stability of copper(I) complexes were studied in DMSO solution over various time intervals during 24, 48 and 72 h utilizing a kinetic program on a UV-Vis spectroscopy (Fig. S9 †) . The UVVis spectra was recorded directly aer dilution of the complexes did not show any differences aer 24 and 48 h, while the 72 h samples show negligible differences. This proves that the complexes are stable in aqueous buffer solution, in addition to mass spectral analysis.
Lipophilicity. Lipophilicity is one of the most important factors in pharmaceutical research and a key determinant of the pharmacokinetic properties of a drug and its interaction with macromolecular targets. 42 The relationship between drug lipophilicity and the effect of metal complexes against cancer cell lines has been reported in literature. 43 Generally, the alteration of lipophilicity may achieve larger selectivity for cancer cells. The anticancer activity of efficient platinum-based anticancer drugs (cisplatin, carboplatin, oxaliplatin etc.) strongly depends on their lipophilicity. In this connection, we have determined the partition coefficients (P) between n-octanol and water phases for the synthesized copper(I) complexes by the shake-ask method. 45 All the complexes show reasonable lipophilicity with log P values between 0.76 AE 34 and 1.43 AE 11, which means higher solubility of complexes in n-octanol (lipophilic phase) than in water (hydrophilic phase). The observed lipophilicity values are higher than those for the previously reported Ag(I), Au(I), Ru(II), Ga(III) and Pt(II) complexes. [46] [47] [48] [49] DNA binding. Electronic absorption spectra of complexes (1-6) with varying amount of CT-DNA solution showed hypochromic effect in the intra-ligand (n-p*) region with a signi-cant red shi (4-6 nm), indicating the strong intercalative mode of binding of the complexes with DNA (Fig. 4) (Table 1 ). The presence of methyl substituent in the complex 2 is accountable for more hypochromism, hydrophobic contacts and p-p stacking of the DNA bases, demonstrating its higher interaction when compared to other complexes. Thermal denaturation studies (Fig. 4) carried out at the wavelength of 260 nm revealed the increase in DT m (5.5-8.9 C) values, which also conrm the intercalative binding mode of complexes with CT-DNA (Table 1 ). In the CD spectra, the addition of complexes to CT-DNA showed the increase in the intensities of both the positive and negative bands with a shi of $5 nm in the positive band and a shi of $3 nm in the negative band (Fig. 4) . These results further prove the intercalative binding of complexes with CT-DNA. In order to further investigate the binding mode of complexes with DNA, competitive ethidium bromide (EB) quenching studies was carried out, in which a decrease in the uorescence intensity was observed (Fig. 4) . (Table 1 ). In addition to the experimental DNA binding studies, in order to substantiate the intercalative binding mode, the molecular docking study was also performed (Table S5 † ). All the complexes showed p-p stacking interaction formed between phenyl ring present in the thiosemicarbazone and base pairs (adenine & guanine), in which the distances from the centroid of intercalative ligand to the planes of neighboring base pairs are in the range between 3.5 to 3.8Å (Fig. S10 †) . The energy minimized structures also suggest that the complexes interact with DNA via an intercalation mode involving outside edge stacking interaction with the oxygen atom of the phosphate backbone and the A-T rich region stabilized by van der Waals interactions and hydrophobic contacts.
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Hydrolytic cleavage by gel electrophoresis. All the complexes (1-6) cleave pBR322 DNA in the absence of any coreagent (viz., reductant or oxidant), the conversion of SC DNA to NC and LC form was achieved at 25 mM by 2 (90%), while only 49, 73, 62, 46 and 38% conversion were observed for complexes 1 and 3-6, respectively, at the same concentration (Fig. 5a ). These data conrmed that the complexes were able to convert the supercoiled form to the nicked circular and linear circular forms of DNA without any additives, and were capable of promoting hydrolytic cleavage of DNA. To further conrm the hydrolytic nature of the scission process, we have also conducted additional cleavage experiments by using T 4 ligase enzymatic assay, and the results show the relegation of nicked circular to supercoiled form (Fig. 5b) .
BSA binding. UV-Vis absorption spectroscopy has proved to be an efficient tool in the investigation of interaction of complexes with BSA. The absorption intensity of BSA at 282 nm increases aer the addition of copper(I) complexes with a small red shi due to the formation of ground state complexes of the type BSA-complex, which conrm the static interaction between complexes and the BSA (Fig. 6) . Further, the binding phenomena was analysed by considering changes in molecular environment in the vicinity of uorophore in the absence and presence of the complexes using uorescence spectra (Fig. 7) . Upon addition of complexes (1-6) to BSA, there is a considerable decrease in the uorescence intensity of BSA at 348 nm with 63, 84, 76, 69, 58 and 53% accompanied by a blue shi of 5, 9, 7, 6, 4 and 3 nm, respectively. The signicant decrease in uorescence intensity with blue shi shows the interaction between the complexes and BSA. The quenching constant (K q ), binding constant (K bin ) and number of binding sites (n) was determined using Stern-Volmer and Scatchard equations ( In silico studies. Focal adhesion kinase (FAK) is a protein tyrosine kinase, which is able to mediate signal transduction from extracellular matrix (ECM) to cells. FAK is also involved in cell proliferation, survival, motility, and invasion via interaction with integrin and growth factor receptors.
50,51 Many evidences shows FAK as an important molecule conferring chemotherapeutic resistance to pancreatic cancers, and resistance is conferred by enhancing anti-apoptotic properties in cancer cells. 52, 53 Recently, variety of specic inhibitors of FAK has been developed. 54 The action of FAK and signalling from growthfactor receptors might control the altered growth of tumour cells as well as their responses to autocrine or paracrine factors. Further, FAK inuences the dynamic regulation of integrin associated adhesions, and the actin cytoskeleton that is tethered there, through diverse molecular interactions. Based on the above reasons, we have been interested in in silico studies using FAK receptor with complexes.
All the complexes (1-6) are located in the hydrophobic cavities in subdomains II and the binding score are listed in The complex 2 was stabilized by two hydrogen bonding interactions, rst one was formed between hydrogen atom of GLU 430 and nitrogen atom (-N) of the ligand (bond length: H/N ¼ 3.6Å), and second one was formed between hydrogen atom of GLU 430 and nitrogen atom (-N) of the ligand (bond length: H/N ¼ 3.7Å). Besides, the binding model was enhanced by electrostatic interaction formed between this complex and residues GLU 430, ARG550, LEU 567 and ARG 569, and van der Waals interaction formed between the complex and the residues GLY 431, GLN 432, PHE 433, VAL 436, ALA 452, GLU 471, GLU 500, CYS 502, LEU 553 and GLY 566 of FAK kinase receptor.
The complex 3 shows one p-p interaction formed between the 4-methoxybenzene ring and ARG 550 (bond length: 3.7Å), which is also stabilized by three hydrogen bonding interactions, rst one was formed between hydrogen atom of ASP 564 and oxygen atom of methoxy group present in the ligand (bond length: H/O ¼ 3.8Å), second one was formed between hydrogen atom of GLU 430 and nitrogen atom (-NH) of the ligand (bond length: H/N ¼ 4.1Å), and third one was formed between oxygen atom of LUE 567 and hydrogen atom (-NH) of the ligand (bond length: O/H ¼ 4.0Å). Besides, the binding model was enhanced by electrostatic interaction formed between this complex and residues GLU 430, GLN 432, ASN 551, ASP 564, LEU 567, ARG 569, TYR 570 and MET 571, and van der Waals interaction formed between the complex and the residues GLY 431, GLU 506, LEU 553, GLY 563 and GLY 566 with FAK kinase receptor.
The complex 4 shows one p-p interaction formed between the 4-hydroxybenzene ring and ARG 550 (bond length: 3.6Å), which is also stabilized by four hydrogen bonding interaction, The complex 5 shows one p-p interaction formed between the 4-nitrobenzene ring and ARG 550 (bond length: 3.7Å), which also shows one s-p interaction formed between 4-nitrobenzene ring and LEU 567 (bond length: 3.5Å). This complex was stabilized by six hydrogen bonding interaction, rst one was formed between hydrogen atom of ARG 569 and oxygen atom of -NO 2 group present in the ligand (bond length: H/O ¼ 3.1Å), second one was formed between hydrogen atom of ARG 569 and nitrogen atom of -NO 2 group present in the ligand (bond length: H/N ¼ 3.0Å), third one was formed between hydrogen atom of ARG 569 and oxygen atom of -NO 2 group present in the ligand (bond length: H/O ¼ 3.4Å), fourth The complex 6 shows one p-p interaction formed between the 4-chlorobenzene ring and ARG 550 (bond length: 3.6Å), which is also stabilized by one hydrogen bonding interaction formed between oxygen atom of GLU 506 and hydrogen atom of -NH 2 group present in the ligand (bond length: H/O ¼ 4.1Å). Besides, the binding model was enhanced by electrostatic interaction formed between this complex and residues GLU 430, GLN 432, ASP 564, LEU 567, ARG 569 and TYR 570, and van der Waals interaction formed between the complex and the residues GLY 431, MET 499, GLU 506, LEU 553 and MET 571 with FAK kinase receptor.
The results demonstrate FAK kinase receptor as the potent inhibitor for all the complexes, because all the complexes (1-6) were retained strongly by the binding pocket of FAK. Among the complexes, the complex 2 binds to FAK stronger than the other complexes, which is consistent with the experimental DNA/BSA binding studies. The obtained results of in silico studies indicated that the interaction between complexes and FAK was dominated by electrostatic, van der Waals, hydrogen bonding, p-p and s-p interactions.
In vitro anti-proliferative activity. The results obtained from lipophilicity, DNA/BSA binding, DNA cleavage and in silico studies prompted us to explore the in vitro anti-proliferative activity of the synthesized bis(thiosemicarbazone)copper(I) complexes.
MTT assay. In vitro anti-proliferative activity of the complexes (1-6) against four cancer cell lines namely human breast adenocarcinoma (MCF-7), cervical (HeLa), epithelioma (Hep-2) and Ehrlich ascites carcinoma (EAC), and two normal cell lines such as normal human dermal broblasts (NHDF) and L6 myotubes were tested by MTT assay with respect to standard anticancer drug cisplatin. The observed anti-proliferative potency of the complexes was dose dependent, that is, the cell viability decreased with increasing concentrations and the determined IC 50 values are listed in Table 2 . The IC 50 values revealed that the synthesized complexes are less toxic against normal cells (NHDF and L6) and highly toxic against cancer cells. All the complexes effectively kill EAC cancer cell line compared to other cell lines. The complexes 2 and 3 showed signicant anti-proliferative activity compared to cisplatin against all the tested cell lines. The complex 4 also showed signicant anti-proliferative activity against Hep-2 and EAC cell lines and moderate activity against MCF-7 and HeLa cell lines with respect to cisplatin. The complexes 2 and 3 showed Fig. 15 Western blot analysis of Bcl-2 family proteins, caspases 3/9 and Cyt C in EAC cells treated with complex 2 for 24 h. b-Actin was used as internal loading control. 
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a N ¼ 6; data were expressed as mean AE SEM. b P < 0.001 vs. tumour control.
c P < 0.001 vs. 5-FU. d P < 0.01 vs. complex 2; data were analysed by using one-way ANOVA followed by Tukey-Kramer multiple comparison test. In addition, the obtained anti-proliferative activity can also be correlated to lipophilicity, the complexes 2 and 3 observed more hydrophobic values compared to other complexes. This hydrophobicity of complexes may contribute to an increased uptake of the complexes by the cells thereby enhancing the anti-proliferative activity. Further, the higher anti-proliferative activity of the complexes 2 and 3 may be due to the hydrophobic interaction of methyl substituent present in the ligand with both DNA and protein. Notably, the IC 50 values are much lower than those for previously reported thiosemicarbazone-based copper(I) complexes, 55, 56 other copper(I) complexes,
57,58
and thiosemicarbazone-based copper(II) complexes. 59, 60 Apoptosis. A number of anticancer drugs successfully induce apoptosis. In order to explore the morphological changes, EAC cells were stained with acridine orange (AO) and ethidium bromide (EB) aer exposure to complexes (1-6) for 24 h. Morphological assessment shows living cells (control) with usual morphology and intense green nuclei. Nevertheless, the EAC cells treated with complexes (12.5 mM) for 24 h showed morphological changes as majority of cells become shrinkage, and green apoptotic cells containing apoptotic bodies and red necrotic cells were observed (Fig. 9) . The observed results prove that the complexes can induce apoptosis in EAC cells. In addition to conrm the induction of apoptosis, the EAC cells were also treated with complexes (12.5 mM) and stained with Hoechst 33258 for 24 h, which show the apoptotic highlights like chromatin fragmentation, cytoplasmic vacuolation, nuclear swelling and cytoplasmic blebbing (Fig. 10) (Fig. 11) . Thus, the ow cytometry results also support induced apoptosis in EAC cells. (Fig. 12) . These results clearly showed that the complexes induce the growth arrest of EAC cells in S phase.
Cellular uptake. Since a number of copper(I) complexes emit red uorescence at room temperature, it is possible for their effective evaluation of the cellular uptake.
62 Interestingly, the cellular uptake plays an important role in the treatment of micromolecular drug. 63 In this respect, the cellular uptake was studied aer EAC cells were explored to 12.5 mM of copper(I) complexes (1-6) for 24 h, the cells were stained with DAPI staining and observed under uorescence microscope (Fig. 13 & S11 †). The blue channel show DAPI stained nuclei with an excitation wavelength of 340 nm, the red channel show the luminescence of the complexes (1-6) with an excitation wavelength of 458 nm. Blue channel was totally superimpose with red channel, which indicates that the complexes can be uptaken by EAC cells and the complexes slowly inltrate inside of the nucleus, and shows disseminate cytoplasmic and nuclear uo-rescence. The observed results show that the complexes are uptaken by EAC cells and can enter into the cytoplasm and accumulate in the cell nuclei.
Detection of ROS levels. The generation of intracellular ROS is crucial for cancer cell death and induction of apoptosis. A number of potential anticancer and chemopreventive drugs induce apoptosis during reactive oxygen species (ROS) generation. 64 In this context, the effect of complexes (1-3) on intracellular levels of ROS in EAC cells using 2 0 ,7 0 -dichlorodihydrouorescein diacetate (DCFH-DA) uorescence probe was measured (Fig. 14) . No evident uorescence points are observed in the control. When compared with the control, the complexes treated EAC cells exhibit increase in the DCF uorescence intensity. Further, to examine the levels of ROS generation induced by complexes, we also deliberate the uo-rescent intensity of DCF. The resulting uorescent intensities are 134.7, 164.1 and 149.8 aer the treatment of EAC cells with 12.5 mM of the complexes 1-3, respectively. The resulting uorescent intensity (DCF) of complexes 1-3 grows 2.57, 3.13 and 2.85 times more than the original (control) (Fig. S12 †) . This results demonstrate that the copper(I) complexes can increase the ROS levels, and the enhanced generation of ROS play a signicant role in complex induced cell demise.
Western blot analysis. Apoptosis occur via two key apoptotic pathways such as receptor-dependent (extrinsic) and mitochondrial (intrinsic) pathway. Generally, the caspases involved in extrinsic pathway and Bcl-2 family proteins involved in intrinsic pathway. Caspases and Bcl-2 family proteins play an important stock in regulating apoptosis. 65, 66 The complex 2 displayed the highest anticancer activity in EAC cells among the six complexes; therefore, this complex was selected for Western blot analysis. To study the mitochondrial release of apoptogenic factors, we elucidate the impact of the complex 2 on the expression levels of proteins in EAC cells treated with complex 2 for 24 h by Western blot analysis. The expressions of antiapoptotic proteins (Bcl-2 and Bcl-x) were observed in downregulated, whereas the pro-apoptotic protein (Bax) was observed up-regulated. The signicant increase of Bax/Bcl-2 was observed as a result of excellent permeability of the mitochondrial membrane for the release of pro-apoptotic proteins (Fig. 15) . Furthermore, the signicant increases of cytochrome c and caspase family proteins (caspase-3/9) levels were observed (Fig. S13 †) . The observed results conrm that the complex was able to induce EAC cell apoptosis by promoting Cyt C release followed by activation of caspase-3/9.
In vivo anticancer activity. Since, in vitro cytotoxicity of complexes 2 and 3 against EAC cells showed lower IC 50 values, we have decided to examine the in vivo anticancer activity of these complexes on EAC tumor model.
Acute toxicity studies. Acute toxicity studies showed that the complexes 2 and 3 falls on category 3 according to globally harmonized classication system for chemical substances and mixtures. Based on the results, the LD 50 cut off was found to be 200 mg kg À1 body weight. Hence, 1/10 th of this dose i.e. 20 mg kg À1 was selected for the pharmacological study.
Mean survival time of tumor bearing animals. The tumor bearing mice treated with standard drug 5-uorouracil at the dose of 20 mg kg À1 exhibit signicant (P < 0.001) increase in mean survival time over tumor control group. The survival time of the animals treated with complex 2 shows signicant (P < 0.001) increases, whereas the complex 3 shows signicant (P < 0.01) increases in mean survival time compared to tumor control group. The signicant (P < 0.001) percentage increase in life span also proves the anticancer potential of the complexes 2 and 3 (Table 3 ). As seen from the Fig. 16 , the EAC tumor control group shows perfect cell wall and structure without degeneration, whereas the EAC tumor cells treated with complexes for 24 h exhibit degenerative changes such as membrane blebbing, vacuolated cytoplasm, cell wall destruction, cell disintegration and reduction in staining intensity when compared to control group. Tumor volume of tumor bearing animals. The tumor volume of tumor control group animals was found to increase steadily. However, the groups treated with complexes 2 and 3 shows signicant reduction in tumor volume. The complexes 2 and 3 treated animals shows signicant (P < 0.001 and P < 0.01, respectively) reduction in the solid tumor volume ( Table 4 ). The obtained results also proved the anticancer nature of the synthesized copper(I) complexes.
Conclusions
A series of six bis(thiosemicarbazone)copper(I) complexes (1-6) were synthesized and acknowledged as potent anticancer agents. All the complexes adopted trigonal planar 'Y 0 shaped geometry. The complexes strongly bind with CT-DNA via intercalative mode, which also show pronounced cleavage activity against pBR322 DNA. All the complexes signicantly interact with BSA via static quenching mode and interact with focal adhesion kinase (FAK) receptor via p-p, s-p, hydrogen bonding, electrostatic and van der Waals interactions. In vitro cytotoxicity of the complexes was tested against four cancer (MCF-7, HeLa, Hep-2 and EAC) and two normal (NHDF and L6 myotubes) cell lines by MTT assay with respect to commercially used metal-based anticancer drug cisplatin. Complexes powerfully kills EAC tumour cell line compared to other tested cancer cell lines and all the complexes proved their non-toxicity against normal cell lines. The complexes exhibit induced apoptosis, which is conrmed by AO/EB, Hoechst 33258 and PI (ow cytometry) staining assays along with superior ROS generation. In the cell cycle arrest, the complexes effectively block the EAC cells in S phase. The cellular uptake study shows that the complexes can go inside the cytoplasm and accumulate in the cell nuclei. Western blot analysis also proved induced apoptosis due to the complexes via mitochondria-dysfunction pathway. In addition, the complexes signicantly reduce the solid tumor volume in female Swiss albino mice.
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